Abstract-Three-dimensional microfiber coil resonators are experimentally demonstrated in air. Two-turn, three-turn, and fourturn microcoil resonators are fabricated by wrapping a microfiber on a low refractive index rod. The extinction ratio and free spectrum range are 10 dB and 1 nm, respectively. The spectrum optimization by the tuning of the pigtails is investigated.
I. INTRODUCTION

M
ICROFIBER-BASED devices have recently attracted much attention because of the enormous progress in the fabrication of low-loss submicrometric optical wires which allow for low-loss evanescent waveguiding [1] - [3] . Moreover, optical microdevices fabricated from subwavelength fibers offer several prospective benefits as compared to microphotonic devices based on other principles; these include low insertion loss, complete fiber compatibility, and flexibility. As a basic functional element of the microfiber photonic circuit, the microfiber coil resonator (MCR) has increasingly attracted interest [4] - [8] .
Being fabricated of a single-mode microfiber, the MCR does not have the problem of coupling in and out of the resonator. In addition, as opposed to the microresonators fabricated lithographically, the MCR does not suffer from surface roughness introduced by etching and may eventually exhibit the smallest loss. Two types of one-dimensional MCR have been reported in previous publications: the self-touching loop resonator [4] - [6] and the knot resonator [1] , [8] . A three-dimensional (3-D) multiple-turn MCR was suggested in [9] . Its appeal resides in its higher flexibility, its ultrahigh -factor, and the possibility to be employed as a high-sensitivity microfludic sensor [10] , a slow light generator, and an optical signal processor. Although the experimental demonstration of an MCR was recently reported for a microfiber immersed in a refractive index-matching liquid [11] , the extinction ratio of such a device was smaller than 1.5 dB. In this letter, we experimentally demonstrated a two-turn, three-turn, and four-turn MCR with strong extinction ratio by manually wrapping a thick microfiber on a low index rod. In comparison to the results published for an MCR in a liquid, the achieved -factor is a fraction of that achieved in [11] , the insertion loss is comparable, and the extinction ratio is several times bigger than that obtained in [11] . The resonators are shown to have a simple manufacturing process and they are stable in air.
II. MANUFACTURE
The microfiber used in the experiment was fabricated using the setup presented in [12] and a microheater (NTT-AT, Japan). The microfiber radius and the length of the uniform waist region were 1.5 m and 4 mm, respectively. The 3-D MCR was manufactured with the setup shown in Fig. 1 . At first, the microfiber had its pigtails connected to an erbium-doped fiber amplifier and an optical spectrum analyzer to check, in real time, the resonator properties during fabrication; then, with the aid of a microscope, the microfiber was wrapped on a low refractive index rod while one of its ends was fixed on a 3-D stage; this process was carried out manually and the close positioning of the microfiber coils resulted from a combination of manually applied longitudinal tension (which kept the relative position of the coils and avoided considerable overlapping) and gravity (which translated vertically the new formed coil until it touched the coil beneath). Finally, the other microfiber end was fixed to another 3-D stage and both microfiber ends were tuned to find the optimum resonator spectrum. This methodology is similar to that theoretically predicted for the design optimization of 3-D microcoil resonators presented in the literature [13] , [14] . Because the coupling coefficient between two adjacent microfibers is weak, the microfibers need to be kept as close as possible.
In these experiments, the MCR was wrapped on a low refractive index rod to maximize the MCR temporal stability and robustness. By using this process, losses can be significant because of microbends and confinement losses. If the loss is too high, it is difficult to optimize the microfiber position and MCR geometry. Generally, the loss can be minimized by increasing the microfiber thickness and the rod diameter, by using a low refractive index material for the rod and by improving smoothness of the rod surface. In these experiments, a rod was coated with Teflon AF (DuPont, U.S.), to provide a low refractive index ( at 1.55 m) at the interface with the microfiber. The total diameter is 560 m. III. GEOMETRY AND SPECTRUM Fig. 2 shows the pictures of a two-turn, three-turn, and fourturn MCR made of the same microfiber. The manual fabrication of the MCR implies that pitches between adjacent turns are not uniform and the microfiber coils present some degree of twist. Fig. 3 shows the resonator spectra of the reference, recorded when the microfiber is straight and not in contact with the rod, and of the three MCRs. The spectra in Fig. 3(a)-(c) show a complicated profile because the coupling among the three or four turns is irregular and not uniform.
The maximum extinction ratios for the two-, three-, and fourturn MCR are 3, 10, and 9.5 dB, respectively. While the spectrum of the two-turn MCR is simple, with a free-spectral range (FSR) of 0.86 nm, the spectra of the three-and four-turn MCR show a complex profile. In particular, the spectrum of the threeturn MCR can be simplified as a combination of two resonator modes [labeled and in Fig. 3(b) ], with the same FSR (about 0.94 nm). There are two possible explanations for this double peak: 1) they are generated by TE and TM modes [5] , or 2) they arise from two different resonators. The four-turn MCR [ Fig. 3(c) ] has an even more complicated spectrum, with three set of peaks:
(3 dB), ( 6 dB), and (9.5 dB). As in the previous case, these groups of peaks can arise from different resonators or from a combination of two modes (TE and TM) with the same FSR nm: and . These modes are compatible with the complicated resonator structure.
The loss induced by wrapping the microfiber on the rod for the two-, three-, and four-turn MCR was 1, 2.5, and 5 dB, respectively. The loss is induced by surface roughness, mode discontinuities at the point of input-output, and leaky modes associated with the rod. The largest -factor is about 10 000, which is lower than that achieved with an MCR immersed in a liquid [11] ; this can be possibly explained by the small coupling strength associated to the short coupling length and thick microfiber or by that additional loss at the interface microfiber/rod.
Although pitches between adjacent coils are not constant, the FSR can still be estimated using the theory presented in [9] . The solution of coupled equations for a multiturn MCR implies that the resonating condition and FSR can be written as
where is an integer, the wavelength, the effective index of the mode propagating in the microfiber, and the loop length; was calculated using the finite-element method; the refractive index profile experienced by the mode propagating in a microfiber wrapped on a rod in air is similar to that experienced by a mode propagating in a D-shaped fiber.
Equations (1) and (2) show that the resonating mode is expected to have FSR nm which is in good agreement with the experimental results. The small difference between the theoretical prediction and the experiments could arise from a real optical path longer than , because the microfiber and coil diameters present some irregularity and the microcoil position is not always perpendicular to the rod. With the aid of precisely controllable position and rotation stages, it is possible to control the pitch and use thinner microfibers. If the rod is made of expendable materials, a high sensitivity microchannel sensor can be simply obtained [10] .
For practical reasons, it is impossible to visualize all the circumference of the microfiber coil, thus there are regions where the coils overlap or their pitch increases. It has been predicted [13] that the accurate tuning of the pigtails' position is a powerful means to optimize coupling. It is interesting to investigate this effect on the spectrum. Fig. 4 shows the changes in the MCR spectrum of a three-turn MCR, similar to the one presented in is very weak in (I), increases from (II) to (V), where it achieves a maximum, and then decreases; changes little from (I) to (VII). It is suggested that arises from the coupling between inner coils, so it change a little when tuning, while is the product of the coupling at the extremities of the MCR; therefore, it changes considerably when the pigtails are tuned. Both and decrease considerably at (VIII), probably because the degree of tuning of the pigtails is excessive and the coupling region is considerably reduced.
IV. CONCLUSION
In summary, 3-D MCRs have been manufactured by wrapping a microfiber on a low index rod coated with Teflon. High extinction ratios and large FSRs have been obtained. A tuning method to optimize the microresonator profile has been demonstrated.
